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Investigations with the light microscope have
shown that the base of the hair follicle consists of
undifferentiated, pluri-potential, cuboidal matrix-
cells which give rise to four different cell types:
those of the medulla, the cortex, the cuticle and
the inner root sheath (1). In the center of the hair
follicle the ascending matrix cells develop small
granules in their cytoplasm, and these cells be-
come the medulla of the hair. Around the medulla,
spindle shaped cells emerge from the matrix and
develop eytoplnsmic fibers, and these cells become
the cortex of the hair. Next to the cortex appear
cells which on ascending flattened and become
hyalinized to form the cuticle of the hair. The
peripheral part of the hair follicle is called the
inner root sheath and consists of three concentric
layers: (1) the cuticle, (2) Huxley's layer and (3)
Henle's layer. The cells of the inner root sheath
all undergo similar changes as they emerge from
the matrix and migrate upwards in the follicle.
Each gradually flattens and develops triehohyalin
granules in the cytoplasm. During advanced
stages of differentiation the trichohyalin granules
disappear and the terminal cells become filled
with a fibrous horny material. The inner root
sheath cells are lost by sealing when they reach
the level of the orifice of the sebaeeous gland and
thus do not contribute to the emerging hair fiber.
Investigations with the electron microscope
have further advanced our knowledge of the
structure of the hair follicle, and valuable infor-
mation has been obtained on the formation and
fate of the differentiation products. The work of
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Birbeck and Mereer (2) and Rogers (3) elucidated
in great detail the formation of fibrous keratin
in the cortical cells. These investigators observed
that during the early stages of differentiation the
cortical cells develop many wispy filaments which
readily associate and form bundles oriented
parallel to the long axis of the cells. Later an
amorphous substance becomes deposited between
the filaments, and this filament-cement complex
almost entirely fills the cytoplasm of the terminal
cells. The diameter of the filaments is about SO A;
high resolution electron microscopy reveals that
the filaments are further subdivided into 20 A
thick protofibrils. It is assumed that eleven proto-
fibrils form a filament with 9 + 2 arrangement as
in a flagellum (4).
Differentiation of euticular cells follows a
markedly different pathway from that of cortical
cells. They develop large numbers of amorphous
granules (3, 5) but only a few filaments (6). The
newly formed granules are spherical and measure
about 300 A in diameter. During cell maturation
the granules increase in number and size and
aggregate near the cell membrane. At the terminal
stage the granules coalesce and form an amor-
phous mass that fills about two thirds of the
cytoplasm.
Various observations were made on the mode
of formation and the fate of differentiation
products of the inner root sheath cells. Birbeck
and Mercer (7) noted that filaments are absent
and that only amorphous triehohyalin granules
are formed during early stages of differentiation.
Later the trichohyalin granules undergo fibrous
transformation, and the terminal cells become
filled with fine filaments derived from trieho-
hyalin granules. Charles (5) found that filaments
appear before the triehohyalin granules are
formed. He does not believe in fibrous alteration
of triehohynlin granules, the relationship between
the granules and filaments being incidental. He
concludes that the granules disappear and the
terminal cells become filled with eytoplasmic
filaments. Roth (9) found that filaments and
triehohyalin granules develop simultaneously
and supports Charles' view on the formation and
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the fate of the differentiation products of the inner
root sheath cells.
The medullary cells have not previously been
studied in detail with the electron microscope;
there has been a lack of information on the fine
structure of their differentiation products.
The purpose of the present study has been to
obtain further information on the differentiation
products of the hair follicle cells for a better
understanding of the mechanism of keratinization
taking place in the different cell lines arising from
the matrix. With this intention in mind, we pre-
pared thin sections from isolated hair bulbs of
the guinea pig1 and studied them with the
electron microscope. Our observations on cortical
and cuticular cells support the work of previous
investigators; new data are presented on the
differentiation products of both the medullary
and the inner root sheath cells. These arc reported
in the following.
MATERIAL AND METHOD
Male guinea pigs, weighing 300 to 500 g, were
nnesthetized and a large flap of skin of the trunk
was lifted on three sides so that one part remained
attached to the body with its circulation undis-
turbed. The free edges of the flap were pinned onto
a cork board, and subsequently the skin was
flooded with Ringer's solution. After removal of
the panniculus earnosus and the adipose layer,
several hair follicles were excised under a dis-
secting microscope. The hair follicles were snipped
above the keratogenous zone, and particular
care was taken to avoid injuring their lower part.
The dissected follicles were fixed at 4° C for 2
hours in 2 per cent osmium tetroxide buffered to
pH 7.4 with veronal acetate buffer. Subsequently
they were dehydrated in ethanol and embedded
in a prepolymerized mixture of 15 parts of methyl
methaerylate and 85 parts of n-butyl methacry-
late. Some follicles were also embedded in epoxy
resins according to the method of Luft (10).
Thin sections were cut with the Porter-Blum
mierotome and, after staining with lead acetate,
were examined in an RCA EMU-3 electron micro-
scope.
REsULTs
The matrix cells fill the lower part of the hair
follicle and are readily identifiable under the
electron microscope by their characteristically
large nucleus and small cytoplasm (Fig. 1). The
cytoplasm contains no differentiation products. A
1 In the hair follicle of the guinea pig a well
developed medulla is formed that extends through-
out the entire length of the hair fiber.
large number of RNP particles, a moderate num-
ber of mitoehondria, and a small amount of rough
surfaced endoplasmie reticulum and agranular
vesicles and tubules of the Golgi complex are
present. The cell membranes lie close to one an-
other, dilatations of the intercellular space occur-
ring only at scattered points. The cells are inter-
locked by a few desmosomes, and at these places
fine tonofilaments are seen in the cytoplasm
attached to the inner surface of the cell mem-
brane.
In the central portion of the hair follicle where
the ascending matrix cells change into differen-
tiating medullary cells, the cytoplasm becomes
larger and filled with many RNP particles. These
cells characteristically develop amorphous gran-
ules which initially are spherical and have a
diameter of about 300 A (Fig. 2). The granules
do not appear to be bound by a limiting mem-
brane. They increase in number and grow in size
by continued deposition of an amorphous ma-
terial. The newly deposited material appears
more dense than the main body and often is seen
as a thin dark mantle at the outer surface of the
granules. The granules vary in size and may at-
tain a diameter of several micra. Mitoehondria
occur in moderate numbers, and agranular vesi-
des of varying shape and size are distributed at
random in the cytoplasm. The cell membranes
still lie close together. There are few desmosomes,
tonofilaments occurring only in regions where
desmosomal contact points are formed.
At a later state of development, the medullary
cells are mainly filled with amorphous granules
and agranular vesicles of considerably large size
(Fig. 3). Furthermore, while a few RNP par-
ticles remain, mitoehondria are still present in
moderate quantities. Some of the mitoehondria
are intact but others have degenerated. During
subsequent stages the medullary cells shrink and
their nuclei degenerate. The cell contents coalesce;
the amorphous granules fuse into homogeneous
appearing masses and concentrate at the cell
periphery (Fig. 4).
Cortical cells emerge from the matrix in the
vicinity of differentiating medullary cells and
develop many wispy filaments at scattered points
in the cytoplasm (Fig. 5). In addition to fine
filaments, 60 to 80 A thick, the cells contain
many freely distributed RNP particles. Mito-
chondria occur in moderate amounts, and some
rough surfaced endoplasmic reticulum also is
FIG. 1. Electron micrograph shows undifferentiated matrix cells of the hair follicle. Note large nucleus
(N) and small cytoplasm. RNP particles occur in groups; the cells contain a few mitochondria (M),
some rough surfaced endoplasmie reticulum (ER) and vesicles of the Golgi apparatus (G). Desmosomes(D) are few in number and the intercellular space is relatively narrow. X 10,500.
FIG. 2. Electron micrograph shows medullary cells during an early stage of differentiation. Note the
developing small amorphous granules (arrows) and the large amorphous granules (AG) near the nucleus(N). The cytoplasm contains many RNP particles, some mitochondria (M) and agranular vesicles (V).
X 21.000.
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FIG. 3. Electron micrograph shows a portion of a medullary cell being in an advanced stage of dif-
ferentiation. The nucleus (N) appears shrunken; the cytoplasm is filled with large amorphous granules(AG) and agranular vesicles (V). Some of the mitochondria (M) appear normal while others are de-
generated. X 28,000.
FIG. 4. Electron inicrograph shows amorphous masses (AM) in a mature medullary cell. >< 36,000
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Fru. 5. Electron micrograph shows a portion of a cortical cell during an early stage of differentiation.
Note fine filaments(F) forming bundles. X 32,400.
FIG. 6. Electron micrograph shows a portion of a differentiated cortical cell. Note fingerprint-like
structures which correspond to vertical sections of filament bundles (FB) consisting of filaments and an
amorphous cement. X 74,000.
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Fia. 7. Electron micrograph shows portions of differentiating cutidular cells. Note the flattened nu-
cleus (N) and the many amorphous granules (AG) aligned parallel to the cell wall. X 14,500.
Fie. 8. Electron micrograph shows mature cuticular cells. The inner portion of the cells contains
an amorphous mass (AM); the rest consists of remnants of cell constituents. X73,500.
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FIG. 9. Electron micrograph shows inner root sheath cells being in an early stage of differentiation.
The nuclei (N) are flattened and the cytoplasm is filled with RNP particles. Note trichohyalin granules
(TG) developing in regions of the cytoplasm where bundles of filaments occur. Mitochondria (M) and a
Golgi complex (G) is also shown. X 21,600.
FIG. 10. Electron micrograph shows a portion of an inner root sheath cell that is in an advanced stage
of differentiation. Around the nucleus (N) note the heavy condensation of amorphous substance, tricho-
hyalin, (TG) on filament bundles. X 46,000.
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FIG. 11. Electron micrograph shows the boundary region between adjacent inner root sheath cells.
Note many desmosomes (D) and the filaments (F) attached to them. Mitochondria (M) and RNP par-
ticles occurring in groups can also be seen. X 43,200.
FIG. 12. Electron micrograph of keratinized inner root sheath cells. The cells are filled with filament-
amorphous cement complex. An amorphous substance (AS) is present between the cell membranes
X 50,500.
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present. As the cortical cells ascend, they assume
a spindle shape. The ascending cells are closely
packed and are bound together by a few desmo-
somes. Fine filaments are formed in greatly in-
creasing numbers, and many of them associate
laterally to form bundles. The bundles stretch
from one end of the cell to the other and tend to
become oriented parallel to the long axis of the
cell. The mature cortical cells contain mainly
bundles of filaments; the other cell constituents
are greatly reduced in quantity. The bundles of
filaments often resemble fingerprints in cross
sections. An interfilamentous amorphous material
is also seen which has a somewhat higher density
than the cytoplasmic matrix (Fig. 6). The cor-
tical cells desiccate at the terminal stage and are
mainly filled with filaments and an amorphous
interfibrillary substance; some nuclear and cyto-
plasmic remnants, however, also remain.
When the euticular cells reach the upper part
of the hair follicle, many small amorphous
granules develop in the cytoplasm. The granules
are spherical and measure about 300 A in diame-
ter. They are not limited by a membrane and grow
in size by deposition of the amorphous substance
on their free surfaces. When the granules attain a
maximum diameter of about 5000 A, they tend to
accumulate in the vicinity of the outer cell mem-
branes facing the inner root sheath. As the num-
ber of granules increases, they form two or three
rows parallel to the outer cell walls. The differen-
tiating cutieular cells are flattened; their nuclei
are elongated, and the cells are closely packed
and connected by desmosomes. Tonofilaments
occur in the neighborhood of desmosomes. The
cells contain a moderate number of mitochondrin
and some rough surfaced endoplasmic reticulum
and Golgi vesicles. RNP particles are abundant
and appear freely dispersed throughout the cyto-
plasm (Fig. 7).
During further development the amorphous
granules begin to fuse and form large irregularly
shaped amorphous masses (Fig. 8). At the ter-
minal stage the strongly flattened and dehydrated
cuticular cells appear homogeneous, and most of
their content consists of coalesced granules.
During early stages of differentiation the inner
root sheath cells develop many fine filaments in
their cytoplasm. The filaments are about 60 A
thick and readily form bundles. Triehohyalin
granules first appear as small depositions of an
amorphous substance. The amorphous substance
characteristically condenses around isolated por-
tions of the filaments; it is never seen accumulat-
ing in filament-free regions of the cytoplasm. The
depositions of amorphous substance appear to
spread by continued accumulations, and the
trichohyaline granules assume greatly varying
shapes and sizes. The triehohyalin granules are
truly complex structures consisting of a mixture
of filaments and an amorphous substance (Fig. 9).
In addition to bundles of filaments and trieho-
hyalin granules, the cells also contain many RNP
particles, a moderate number of mitochondria
and some rough surfaced endoplasmic reticulum
and Golgi vesicles. The cells are interlocked by
desmosomes, the number of which increases as
maturation of the cells progresses. At desmosomal
contact points, well developed bundles of tono-
filaments are often seen with one end attached to
the inner surface of the membrane and the other
extended deep into the cytoplasm. It is note-
worthy that trichohyalin granules are rarely seen
in these parts of the cytoplasm (Fig. 11).
During later development, the filament bun-
dles are more abundant, and the triehohyalin
granules also increase in number and size. The
trichohyalin granules reveal no changes in struc-
ture; they appear as heavy condensations of an
amorphous substance at isolated regions of fila-
ment-bundles (Fig. 10). During the final stage of
development, the most characteristic event is the
disappearance of the amorphous component of
the trichohyalin granules. The keratinized cells
are almost entirely filled with filaments and an
amorphous interfibrillary substance. The nuclei
of the cells degenerate; only some shrunken
nuclear remnants remain. Condensation of some
amorphous material is seen between the plasma
membranes of the adjacent cells (Fig. 12).
DISCUSSION
The results of the present study reveal that the
hair follicle cells develop differentiation products
which undergo characteristic changes while the
cells mature and change into horny cells. The
observations made on medullary cells are of par-
ticular interest because these cell types received
relatively little attention in the past and their
keratinization is poorly understood. Giroud and
Leblond (11) classified medullary keratin in the
group of "soft" keratins because the medullary
cells pass through a granular stage that is similar
to that occurring during keratinization of the
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epidermis and the inner root sheath cells. Auber
(12) described the granules of the medullary cells
as trichohyalin granules and assumed that they
were absorbed by the birefringeat filamentous
remnants of the cells during maturation. Mercer
(13) classed together the granules of the medul-
lary cells and the inner root sheath cells and as-
sumed that each undergoes fibrous transforma-
tion and as a result the keratinized cells will con-
tain a fibrous substance derived from the granules.
Although the granules of the mcdullary cells
and the trichohyalin granules of the inner root
sheath cells appear to be similar under the light
microscope, they arc very different in the electron
microscope. Our electron micrographs demon-
strate that the granules of the mcdullary cells in
their entirety consist of an amorphous substance
(Figs. 2 and 3), whereas the trichohyalin granules
arc a mixture of filaments and an amorphous
substance (Figs. 9 and 10). Furthermore, we find
that the fate of these cell constituents is also
different. The granules of the mcdullary cells
coalesce and form amorphous masses at the tcr
minal stage while the amorphous component of
the trichohyalin granules disappears when the
inner root sheath cells change into horny cells.
Since fibrous transformation of the granules of
the mcdullary cells does not occur, the weak
double refraction (1, 12) noted in the mature cells
most probably is related to and originates from
fibrous cell constituents. The mcdullary cells con-
tain tonofilamcnts associated with the dcsmo-
somcs, and since the tonofilaments do not disin-
tegrate hut arc carried over into the kcratinized
state, it is likely that the weak birefringencc of
the mature mcdullary cells arises from tonofila-
ments.
In view of the above, it is apparent that the
granules formed in the cells of the medulla and
the inner root sheath arc both structurally and
functionally different. Therefore, it is not correct
to denote them by identical names. In order to
avoid further confusion in communications, it is
proposed to identify the differentiation products
of the medullary cells as amorphous granules, and
those of the inner root sheath cells as trichohyalin
granules.
On the basis of available information, it is also
difficult to accept Giroud and Lcblond's (11)
view on medullary keratin and group it together
with keratin of the epidermis or inner root
sheath. The keratin found in the epidermis
or inner root sheath is fibrous in character and
contains sulfur in small quantities (14, 15).
Medullary kcratin, however, is amorphous and
contains sulfur only in traces (14, 16). The amor-
phous kcratin of the medulla appears to be a
specific type of kcratin, and it is distinguished
from other keratins by its high resistance toward
alkali. In this regard, it is noteworthy to recall
that mcdullary cells may be isolated by immer-
sion of hair fibers into 3 N sodium hydroxide
which dissolves both the cuticle and cortex but
leaves the medulla unaffected (16).
Our observations on cortical and cuticular cells
confirm the findings of previous investigators
(2, 3). While the major product of cortical cells is
a filament and amorphous cement complex, the
cuticular cells produce amorphous granules. As a
result, fibrous cortical kcratin and amorphous
cuticular keratin is formed in the terminal cells
of the different cell lines. Although cortical and
cuticular kcratins are structurally different, they
appear similar in that both contain sulfur in large
quantities (14, 17). According to present concepts,
most of the sulfur of cortical keratin is located
TABLE I
Schematic illustration of the differentiation and
terminal products of the different cell types of the
hair follicle. The sulfur content of the represen-
tative keratins is indicated
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in the amorphous component. The filaments con-
tain sulfur only in moderate amounts (2, 14).
While the morphologic manifestations of
amorphous keratin formation in the cuticular
cells and the medullary cells are similar in that
both are developed through the production of
amorphous cytoplasmic granules, significant dif-
ference is found in the chemical nature of the
keratins. While sulfur is present in medullary
keratin only in minute quantities (14, 16), cuticu-
lar keratin contains sulfur in large amounts (17).
The trichohyalin granules of the inner root
sheath cells, as seen in this study, appear different
from those reported by previous workers (7, 8, 9).
Our electron mierographs (Figs. 9 and 10) defi-
nitely show that trichohyalin granules are not
amorphous cell constituents but complex struc-
tures and consist of a mixture of filaments and an
amorphous substance. The trichohyalin granules
in many respects resemble the keratohyalia
granules of the epidermis (18); therefore, it is
probable that these differentiation products are
closely related. Since the triehohyalin granules
originally contain filaments, it is difficult to
accept Birbeck and Mereer's (7) interpretation
that they undergo fibrous transformation; it is
more probable that their fate is similar to that of
keratohyalin granules. Keratohyalin granules are
known to be dispersed during advanced stages of
differentiation and their amorphous component is
considered to become a part of the interfibrillary
cement of the terminal horny cells (18, 19).
Similarities seem to prevail between the inner
root sheath and the epidermis not only in the de-
velopment of the differentiation products but also
in the formation of the horny substance since the
terminal cells of both of these tissues become
filled with a low sulfur containing filament and
interfibrillary cement complex (14, 15, 20, 21).
When the observations made in this study are
correlated with chemical analyses of isolated
constituents of the hair follicle, it is apparent that
the pluri-potential matrix cells give rise to four
different cell types, each of which develops struc-
turally and chemically different differentiation
products. The medullary and the cuticular cells
develop amorphous cytoplasmic granules and
form amorphous keratins, hut they have differ-
ent sulfur contents (Table I). Furthermore, the
cortical cells and inner root sheath cells develop a
filament-cement complex containing different
amounts of sulfur. Whereas the horny substance
of the inner root sheath cells is mainly produced
through development of cytoplasmic filaments
and trichohyalin granules, that of the cortical
cells is formed through production of cytoplasmic
filaments and an amorphous interfibrillary sub-
stance (Table I).
SUMMARY
Thin sections of the guinea pig hair follicle
were studied in the electron microscope, and the
following observations were made on the differ-
entiation products of the different cell lines which
arise from the matrix:
1. Electron mierographs reveal that the medul-
lary cells develop amorphous granules in their
cytoplasm which fuse into a homogeneous appear-
ing mass at the terminal stage and form an amor-
phous type of keratin.
2. The cortical cells first develop wispy fila-
ments which combine to form bundles. Later an
amorphous substance is deposited between the
filaments, and a filament-cement complex is
formed that fills the bulk of the terminal cells.
3. The cutieular cells form amorphous cyto-
plasmie granules which align parallel to the inner
cell membrane and form rows. During advanced
stages of differentiation the granules coalesce and
form an amorphous keratin that fills the major
portion of the cytoplasm.
4. The inner root sheath cells develop both
cytoplasmic filaments and trichohyalia granules
during early stages of differentiation. The
trichohyalin granules are complex structures;
they consist of filaments and an amorphous sub-
stance. During transformation of the cells into
horny cells, the amorphous component of the
trichohyalin granules disappears. The horny cells
are filled with filaments and an amorphous inter-
fibrillary substance.
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